Sexual dimorphism in the human respiratory system has been previously reported at the skeletal (cranial and thoracic) level, but also at the pulmonary level. Regarding lungs, foregoing studies have yielded sex-related differences in pulmonary size as well as lung shape details, but different methodological approaches have led to discrepant results on differences in respiratory patterns between males and females. The purpose of this study is to analyse sexual dimorphism in human lungs during forced respiration using 3D geometric morphometrics. Eighty computed tomographies (19 males and 21 females) were taken in maximal forced inspiration (FI) and expiration (FE), and 415 (semi)landmarks were digitized on 80 virtual lung models for the 3D quantification of pulmonary size, shape and kinematic differences. We found that males showed larger lungs than females (P < 0.05), and significantly greater size and shape differences between FI and FE. Morphologically, males have pyramidal lung geometry, with greater lower lung width when comparing with the apices, in contrast to the prismatic lung shape and similar widths at upper and lower lungs of females. Multivariate regression analyses confirmed the effect of sex on lung size (36.26%; P < 0.05) and on lung shape (7.23%; P < 0.05), and yielded two kinematic vectors with a small but statistically significant angle between them (13.22°; P < 0.05) that confirms sex-related differences in the respiratory patterns. Our 3D approach shows sexual dimorphism in human lungs likely due to a greater diaphragmatic action in males and a predominant intercostal muscle action in females during breathing. These size and shape differences would lead to different respiratory patterns between sexes, whose physiological implications need to be studied in future research.
Introduction
The lungs are breathing organs located into the ribcage, and the air enters and leaves them through the main bronchi, which are branches of the trachea. The pulmonary arteries carry deoxygenated blood to the lungs from the right ventricle of the heart, while the oxygenated blood returns to the left atrium through the pulmonary veins. This coordination between respiratory system and cardiovascular system allows for gas exchange between alveoli and blood capillaries (Gray, 2009; West, 2012) .
Breathing kinematics of the human respiratory system
The lungs are protected by the ribcage, which has been divided into two functional compartments regarding costal muscle attachments: the pulmonary (upper) thorax (1st-6th ribs, scalenes, parasternal intercostal and sternocleidomastoid muscles); and the diaphragmatic (lower) thorax (7th-12th ribs and diaphragm) (Campbell, 1955; Campbell & Newsom, 1970; Roussos & Macklem, 1982; De Troyer & Estenne, 1984; Ward et al. 1992; West, 2012; Beyer et al. 2013 Beyer et al. , 2016 Bastir et al. 2017) . The mechanics of the chest wall and the ribs allow for an effective movement of the air during breathing (De Troyer & Estenne, 1984; Frappell & MacFarlane, 2005) . In quiet inspiration, respiratory muscles increase the mediolateral and anteroposterior dimensions of the chest wall, modifying the volume of the chest cavity and decreasing the intrapulmonary pressure. Besides the intercostal muscles and the diaphragm, throughout forced inspiration (FI), scalene muscles elevate the 1st and 2nd ribs, and the sternocleidomastoid lifts the sternum (Ratnovsky et al. 2008; West, 2012) . In quiet expiration, the volume of the chest wall decreases and the recoil force of the lungs drives expiration passively (Stockert, 2003) . During forced expiration (FE), abdominal and internal intercostal muscles decrease actively the dimensions of the chest wall (Zach, 2000) . Such respiratory patterns are the result of complex and coordinated actions between the ribcage and these muscles, and they are essential elements for respiration (Campbell & Newsom, 1970; De Troyer & Estenne, 1984; Ratnovsky et al. 2008) .
Breathing patterns can change according to various factors, including growth and age (Bastir et al. 2013; Shi et al. 2014; Weaver et al. 2014 ; Garc ıa-Mart ınez et al. 2016a), exercise (Johnson et al. 1992; McClaran et al. 1998; Guenette et al. 2007; Aliverti, 2008; Layton et al. 2011; Howes et al. 2013) , disease (Decramer, 1989 (Decramer, , 1997 Aliverti & Macklem, 2001; Garc ıa-R ıo, 2005) , body position (Wade, 1954; Agostoni et al. 1965; Konno & Mead, 1967; Sharp et al. 1975; Romei et al. 2010 ) and sex (Bellemare et al. 2003; Parreira et al. 2010; Romei et al. 2010; Garc ıa-Mart ınez et al. 2016b) . The aim of this study is to address the influence of sexual dimorphism on 3D pulmonary size, shape and kinematics.
Relevance of the study of sexual dimorphism in human lungs
Sexual dimorphism in the respiratory system has been previously reported at different skeletal levels (Rosas & Bastir, 2002; Bellemare et al. 2003; Bastir et al. 2011; Garc ıa-Mart ınez et al. 2016b ). Thus, it has been observed that males have larger cranial airways and taller piriform apertures than females (Enlow & Hans, 1996; Rosas & Bastir, 2002; Bastir et al. 2011) . This is consistent with larger ribcages also found in males (Bellemare et al. 2003) , which has been related to both body size and pulmonary gas exchange differences between sexes (Mead, 1980; Adams et al. 2004; Hopkins & Harms, 2004; Hall, 2005) . Furthermore, smaller ribcages in females are consistent with smaller lung volumes than those of males of the same height and age (Crapo et al. 1981; Thurlbeck, 1982) , although Bellemare et al. (2003) reported a disproportionate growth of the ribcage in relation to the lungs. This, along with a greater rib declination and a greater intercostal muscles contribution observed in females during breathing, has been proposed as compensation to spatial problems during pregnancy (Bellemare et al. 2003) .
Recently, Romei et al. (2010) studied the effect of sex and body position on respiratory chest wall kinematics of healthy individuals at rest. Their results revealed that the movement of the chest wall was influenced by body position (supine/upright), with a progressive inclination of the trunk leading to a reduction of the displacement of the chest wall and to an increase of abdominal contribution to the tidal volume (Vt). Importantly, this different contribution was more evident in females than in males (Romei et al. 2010) , giving rise to the idea that males and females might show different respiratory kinematic patterns. More recently, research on sexual dimorphism of 3D ribcage morphology (Shi et al. 2014; Weaver et al. 2014; Garc ıa-Mart ınez et al. 2016b ) reported shape differences between males and females, possibly also reflecting differences in pulmonary shape. Such potential differences in lung morphology could underlie the different breathing patterns detected by Romei et al. (2010) , but sexual dimorphism in the 3D morphology and kinematic function of the lungs has not yet been studied.
Sex-related differences in pulmonary function can be assessed from different approaches. On the one hand, lung function tests such as spirometry have been classically used for assessing lung function. Thus, assessing pulmonary response to exercise and training yielded that females are particularly susceptible to develop expiratory flow limitation due to the smaller diameter of the airways and lung size compared with males of the same age and height (Mead, 1980; Thurlbeck, 1982; Enlow & Hans, 1996; McClaran et al. 1998; Hopkins & Harms, 2004; Guenette et al. 2007) . Furthermore, such anatomical differences result in a decrease in respiratory minute volume, and therefore in a reduction of oxygen consumption in females compared with males (Hopkins & Harms, 2004) . On the other hand, respiratory plethysmography has been also used as a complementary method for evaluating breathing patterns and pulmonary function (Tobin et al. 1983; Verschakelen & Demedts, 1995; Parreira et al. 2010; Romei et al. 2010; Layton et al. 2011; LoMauro et al. 2012) . Thus, this method has allowed for the quantification of sex-related differences during quiet breathing through respiratory variables such as Vt, respiratory frequency (RF), minute ventilation (VE) and respiratory time (RT) (Tobin et al. 1983; Feltrim, 1994; Parreira et al. 2010) . Despite females showing significantly lower Vt, shorter RT and higher RF, these authors concluded that males and females share overall similar breathing pattern. Ragnarsd ottir & Kristinsd ottir (2006) arrived at similar conclusions using respiratory movement measuring instruments.
Aims of this study
Although the studies mentioned above addressed sexrelated differences in the respiratory system from both physiological and biomechanical approaches, a systematic assessment accounting for 3D size, shape and kinematics of lungs has not yet been carried out. In this study, we used 3D geometric morphometrics to shed light on these discrepant results previously reported by investigating sex-specific differences in lung morphology and function. Therefore, within the previously outlined context, here we addressed the following three hypotheses.
Hypothesis 1
There are sex-related differences in lung size between males and females. This is expected because previous studies have reported sex-related differences in lung size, as well as evidence for smaller ribcage dimensions in females from different approaches (Thurlbeck, 1982; Bellemare et al. 2003; Shi et al. 2014 ; Garc ıa-Mart ınez et al. 2016b).
Hypothesis 2
There are lung shape differences between males and females. This is expected, as sex-related differences in skeletal thorax configuration have been reported (Bellemare et al. 2003; Shi et al. 2014; Weaver et al. 2014; Garc ıa-Mart ınez et al. 2016b) , and close relationships between the form of the ribcage and the form of the lungs are assumed (Gayzik et al. 2008) .
Hypothesis 3
There are differences in male and female pulmonary kinematics. This is expected assuming sex-specific differences in lung shape (Hypothesis 2), and a close functional relationship between internal pulmonary and external chest wall kinematics (Romei et al. 2010 ).
Materials and methods

Subjects and 3D data
The sample consisted of 80 computed tomography scans (CT scans) of 40 individuals (19 males and 21 females, average age 51.9 AE 1.2 years) in maximal FE and FI. The individuals were part of a healthy control group in a Chronic Obstructive Pulmonary Disease study unrelated to this research (Radiology Service of University Hospital La Paz, Madrid, Spain). Because all the individuals were non-smokers and none of them suffered from respiratory pathologies, they were considered suitable for this study. According to the Helsinki protocol (Goodyear et al. 2007 ), all of them signed a written consent that allowed the use of these data for scientific purposes.
All CT scans were performed with a 16-MDCT scanner (Somatom Sensation 16, Siemens Medical Solutions, Erlangen, Germany). The scanning voltage was 120 kV and the current was 160 mA. CT of the thorax was performed in the supine position, from the lung apex to the level of the diaphragm in maximal FE followed by maximal FI. All imaging was performed with a collimation of 16 9 0.75 mm, table feed of 30 mm per rotation and rotation time of 0.6 s per 360°. Cross-sectional images were reconstructed using the standard method, and the resulting 3D CT data were imported in DICOM format using MIMICS 8.0 software (http://biomedical.materialise.com/ mimics). The marching-cube algorithm was applied to create 3D triangular meshes of the lungs (Lorensen & Cline, 1987 ) that were ultimately post-processed (cleaning, smoothing edges and filling gaps) using ARTEC STUDIO software (www.artec.com) to facilitate 3D anatomical measurements.
3D geometric morphometrics and data measurement
3D geometric morphometrics allows for the quantification of size and shape through points called landmarks and semilandmarks, which are defined by 3D Cartesian coordinates (Bookstein, 1991; Zelditch et al. 2012; Gunz & Mitteroecker, 2013) . While 'landmarks' are homologous and discrete points easily recognizable in all specimens, complex curves and surfaces require points called 'semilandmarks' because of uncertainty in terms of their location. We measured a total of 415 landmarks and semilandmarks on 80 virtual lung models using VIEWBOX 4.0 software (www.dhal.com): 12 anatomical landmarks, 103 semilandmarks along 10 curves and 300 semilandmarks on four surfaces. These points were distributed in order to collect as much information as possible on pulmonary morphology (see Table 1 and Fig. 1 for the anatomical position) . Because of the lesser homology and the uncertainty in terms of their location on the lungs, semilandmarks were subjected to a 'sliding' process along the tangent vectors of their corresponding curves and the tangent planes to the surfaces, in order to minimize shape variation only due to arbitrary position (Mitteroecker & Gunz, 2009; Gunz & Mitteroecker, 2013) . The process was repeated twice for each specimen: the first time taking the template of digitization as a reference for the sliding; and the second time taking the mean form of the 80 configurations. This iterative process minimized the bending energy (BE), i.e. the amount of shape deformation of each specimen with respect to the reference configuration (Gunz et al. 2005; Gunz & Mitteroecker, 2013) . Finally, this allowed us to mathematically maximize the homology of the curves and surfaces by minimizing the BE of each specimen with respect to the reference (Gunz et al. 2009; Gunz & Mitteroecker, 2013) .
The 80 (semi)landmarks configurations were subjected to a generalized Procrustes analysis (GPA), which applied translation, rotation and scaling in order to remove any variation not related to the shape (Rohlf & Slice, 1990) . Lung size was measured by centroid size (CS) -the square root of the sum of squared distances of each landmark to the center (Zelditch et al. 2012 ) -and GPA yielded Procrustes shape coordinates as a measure of 3D lung shape. Lung size was measured by mean CS comparisons, and lung shape was analysed by statistical analysis of the Procrustes shape coordinates and Procrustes distances -the summed, squared inter-landmark distances between corresponding landmarks once the GPA has been carried out (Bookstein, 1997; Dryden & Mardia, 1998; O'Higgins, 2000; Adams et al. 2004; Mitteroecker & Gunz, 2009 ).
Lung size, shape and kinematic analyses
To test Hypothesis 1, we calculated lung mean CS at FI and FE for males and females as a proxy for volumetric differences in terms of respiratory capacity. After performing a Kolmogorov-Smirnov normality test and a homoscedasticity test (Levene, 1960 ) for each group (significance level, SL = 0.05), we compared the CS means at FI and FE between males and females using Student's t-tests (Sokal & Rohlf, 1998) . Additionally, we explored the influence of pulmonary kinematics (FI/FE) and sex (male/female) on lung size (CS) through multivariate regression analyses (SL = 0.05, 10 000 permutations).
To test Hypothesis 2, we quantified lung shape differences due to pulmonary kinematics and sexual dimorphism through mean shape comparisons of Procrustes shape coordinates and Procrustes distances (SL = 0.05; 10 000 permutations). Lung shape variation related to kinematic function and sexual dimorphism was further explored by a principal component analysis (PCA) in form spacewhich includes size by definition (Mitteroecker & Gunz, 2009 ). We visualized lung mean shapes and lung shape variation along principal component (PC)1 and PC2 using the thin-plate spline method on EVAN TOOLBOX 1.71 software (http://www.evan-society.org/). Finally, we performed multivariate regression analyses (SL = 0.05, 10 000 permutations) to quantify the influence of pulmonary kinematics (FI/FE) and sex (male/female) on lung shape (Procrustes shape coordinates).
To test Hypothesis 3, we quantified kinematic differences through 'functional size' (the difference in lung CS between FI and FE for males and females) as a measure of the individual's capacity to change pulmonary size during breathing (TorresTamayo et al. 2015; Bastir et al. 2017 ) and 'functional shape' (Procrustes distances between FE and FI mean shapes for both sexes) as the individual's capacity for lung deformation (Bastir et al. 2017) . Multivariate regressions of shape on pulmonary kinematics yielded two vectors of pulmonary shape deformation connecting FI and FE mean shapes for males and females in the same shape space (Bastir et al. 2013 (Bastir et al. , 2016 Klingenberg & Marug an-Lob on, 2013) . The vector directions were compared through an angular comparison (Klingenberg, 2011) , i.e. the angle between these vectors provides information about the similarity of breathing pattern between sexes (Bastir et al. 2013 (Bastir et al. , 2017 . Finally, we carried out regression analyses (SL=0.05, 10000 permutations) in order to explore the effect, if any, of absolute lung size on functional size, the effect of functional size on functional shape, and the influence of shape on functional size after removing the effect of sex. These analyses were carried out in MORPHOJ software (Klingenberg, 2011) .
Results
Size analysis
The four groups analysed were normally distributed and no statistically significant differences between the standard Fig. 1 Template of digitization. Landmarks (red), sliding curve semilandmarks (green) and surface semilandmarks (other colors) used to describe lung morphology (see Table 1 for the anatomical position); front view (A), right lateral view (B), axial view (C) and inferior view (D).
deviations were found (Table S1 ). Table 2 shows mean comparisons results of the Student's t-tests. In males, lung size (CS) was larger than in females (P < 0.01) at both FI and FE. The regression results showed that lung size is influenced primarily by breathing kinematics (42.51%; P < 0.05), but also by sex (36.26%; P < 0.05). This evidence supports Hypothesis 1.
Shape analysis
Mean shape comparisons revealed significant differences in pulmonary shape between males and females at both FI and FE (Table 3) . Specifically, the Procrustes distance between sexes was significantly larger at FE (0.076) than at FI (0.060), indicating greater lung shape differences at FE. The Procrustes distance between FI and FE was greater (P < 0.05) in males (0.123) than in females (0.106), indicating greater lung deformation during breathing in males. Figure 2 illustrates lung mean shapes in frontal, lateral and inferior views, and shows less caudally diverging lateral walls of the lungs in females ( Fig. 2A, A 0 ) than in males (Fig. 2D, D  0 ). Regression analyses indicate that breathing kinematics accounts for 20.96% of lung shape (P < 0.05), and sex for 7.23% (P < 0.05). These findings lead us to accept Hypothesis 2. In a further exploration, PCA ( Fig. 3 ; Table S2 ) reveals that PC1-3 explain 74.5% of the total lung shape variation and show a clear differentiation between the different groups in a PC1-PC2 subspace. PC1 reflects variations related to breathing kinematics: FI towards negative scores, FE towards positive scores. Morphologically, at FI (Fig. 4A,C,E) , the anterior edges of the lungs (solid arrows) and the medial lower vertices (dashed arrows) approach each other, and the pulmonary cardiac notch acquires a rectilinear morphology. At FE (Fig. 4B,D,F) , the anterior edges (solid arrows) and the medial lower vertices (dashed arrows) become more separated from each other, and the pulmonary cardiac notch acquires a curved shape. PC2 shows sexual dimorphism, with males falling towards negative values and females towards positive values (Fig. 3) . Negative values (Fig. 5A,C,E) reflect a relative shortening along the cranio-caudal axis, and an increase in the medio-lateral axis at the lower lungs, which results in a pyramidal lung shape in males. Positive values (Fig. 5B,D,F) show an increased cranio-caudal axis and a slightly increased medio-lateral axis on the upper lungs, leading to a more prismatic shape (see Video S1-S4, illustrating shape changes along PC1-PC2).
Breathing kinematics analysis
Mean functional size is larger in males (312.57) than in females (238.63; t-value = À3.29; P < 0.01), as well as functional shape (Table 3) , with larger Procrustes distances in males between FI and FE (P < 0.05). This indicates that males show a greater capacity to change the pulmonary size and pulmonary shape during breathing, with functional lung size having an important effect on functional lung shape (59.87%; P < 0.01). Importantly, further regression analyses allowed us to discard that the greater functional size in males is due to a greater absolute lung size (0.02%; P = 0.91), and any significant relation between shape and functional size was lost after removal of the effect of sex, both at FE (3.94%; P = 0.18) and FI (1.56%; P = 0.69). The angular comparison between the two kinematic vectors extracted by regression of pulmonary kinematics on shape (a = 13.22°; P < 0.05) reveals further sex-specific differences in the patterns of lung deformation during breathing and allows us to accept Hypothesis 3.
Discussion
This is the first study that assesses in vivo 3D size and shape pulmonary sexual dimorphism using 3D geometric morphometrics. Our results indicate clear lung differences between males and females, as well as in their breathing patterns.
Size differences
We found significantly greater lung sizes in males than in females, at both FI and FE (Table 2) , confirming previous assertions (Thurlbeck, 1982; Bellemare et al. 2003) . The small lung size of females is consistent with the smaller diameter of their airways and alveolar surface compared with males (Thurlbeck, 1982; Enlow & Hans, 1996; Ochs et al. 2004) , and could be likely a consequence of both body size differences and sex hormone regulation of lung development (Stahl, 1967; Kimura et al. 2003; Carey et al. 2007; Sheel & Guenette, 2008) . However, although it is expected that the development of the ribcage was consistent with that of the lungs (Gayzik et al. 2008; Bastir et al. 2013) , Bellemare et al. (2003) proposed a slightly greater, disproportionate growth of the ribcage of females relative to the lungs, speculating about it as a possible adaptation to accommodate the increased abdominal cavity during pregnancy. This reported disproportion between lung size and ribcage size will be assessed in future research. We show that sex explains 36.26% of the variability in lung size, supporting Hypothesis 1 and confirming previous results (McClaran et al. 1998; Bellemare et al. 2003; Romei et al. 2010 ). We also found significantly larger functional size in males than in females, probably because of a different contribution of the respiratory muscles during breathing (Verschakelen & Demedts, 1995; Bellemare et al. 2003; LoMauro et al. 2012; Bastir et al. 2017 ). Respiratory pattern is determined by the action of intercostal muscles , which contribute to FI by elevating the ribs (De Troyer et al. 2005) ; and the diaphragm, which increases the lung size by expanding the lower part of the lungs mediolaterally (West, 2012) .
According to LoMauro et al. (2012) , the action of the diaphragm on the lower thorax contributes to greater changes in thorax volume during breathing than the intercostal muscles acting on the upper thorax. Therefore, the lower thorax would contribute much more to functional size than the upper thorax, as confirmed by Bastir et al. (2017) on skeletal data. This would explain the greater capacity of volume expansion in males, although we must consider kinematic status as the main factor of variation in lung size (42.51%; P < 0.05).
Shape differences
Differences in pulmonary shape between males and females are shown in the mean shape comparisons ( Fig. 2; Table 3 ) and along PC2 (Fig. 5) , revealing the more pyramidal lung shape in males contrasting the more prismatic lung shape observed in females. We propose that these trends are the morphological reflection of a greater contribution of the diaphragm in males during breathing (Romei et al. 2010) , which expands the lower lungs mediolaterally (Fig. 5A) , as well as a greater action of the intercostal muscles in females on the upper lungs (Fig. 5B) (Bellemare et al. 2003; Binazzi et al. 2006) . The greater contribution of intercostal muscles in females has been proposed as an adaptation to gestation period (Bellemare et al. 2003; LoMauro & Aliverti, 2015) , as pregnancy leads to hormonal and anatomical effects on the respiratory system (Contreras et al. 1991; Garc ıa-R ıo et al. 1996; LoMauro & Aliverti, 2015) . This could explain different patterns of muscle recruitment between males and females, and the resulting different lung shapes.
In the light of the close spatial relationships between the transverse processes and the ribs, Bastir et al. (2014) found more dorsally oriented transverse processes in males at T1 and T5-T9 levels, and more superiorly oriented facets for the articulation of the rib tubercles in females, indicating a different position of the ribs at the costotransverse articulation. In males, the transverse processes orientation leads to a reorientation of the ribs that would increase the mediolateral diameter of the ribcage at lower levels (T5-T9). This, along with the more ventrally oriented processes in females at these levels, as well as the greater rib curvature recently reported by Chapman et al. (2017) , could lead to the sexrelated shape differences observed in this study. We confirmed these pulmonary shape differences by comparing male and female mean shapes at FI and FE, noting that lung shape differences (Procrustes distances) between males and females are greater in FE than in FI ( Fig. 2; Table 3 ). Because sex explains 7.23% (P < 0.05) of lung shape, these results allow us to accept Hypothesis 2.
Lung deformation (functional shape) was significantly greater in males than in females (Table 3) , which is consistent with significantly greater functional sizes, as confirmed by regression analysis (59.87%; P < 0.05). Bellemare et al. (2003) suggested a different pattern of respiratory muscle recruitment between males and females, with females showing a greater contribution of the intercostal muscles due to a greater inclination of the ribs, and males having a greater mediolateral expansion of the lower lungs due to a predominant diaphragmatic action. Functionally, these different contributions of the respiratory muscles lead to three types of rib movements classically described during breathing: 'pump-handle' movement, more important in the pulmonary thorax and involving the anteroposterior expansion of the ribcage; and 'bucket-handle' movement, which along with 'spreading-caliper' movement is predominant in the diaphragmatic thorax and allows for the mediolateral expansion of the ribcage (Aiello & Dean, 1990; Franciscus & Churchill, 2002) . Our results on lung shape differences between sexes suggest that females have a predominant 'pump-handle' rib movement, while males show a 'buckethandle' movement of the ribs. Given that the greater functional size is not related to the pulmonary size in males (0.02%; P = 0.91), we conclude that sex-specific musculoskeletal features such as a greater diaphragmatic action, a larger muscle length (Bellemare et al. 2003) , and consequently a greater capacity of muscle contraction (Roussos & Koutsoukou, 2003; Adams et al. 2004; Gea et al. 2009 ), allow for a greater kinematic lung deformation in males. Our results are thus consistent with Gea et al. (2009) and Romei et al. (2010) , both suggesting greater abdominal contribution in males during breathing.
Finally, the small but statistically significant angle between the male and female kinematic vectors (13.22°; P < 0.05) confirms slightly different respiratory patterns between sexes. On the basis of 3D geometric morphometrics, our results are in line with previous assertions according to which males and females have different respiratory patterns (Romei et al. 2010 ; based on chest surface morphology). However, our findings may contrast with other authors who reported similar breathing patterns by measuring respiratory variables (Tobin et al. 1983; Feltrim, 1994; Ragnarsd ottir & Kristinsd ottir, 2006; Parreira et al. 2010) . Therefore, although our results lead us to accept Hypothesis 3, they should be interpreted with caution, as further investigation is necessary in analysing 3D lung sexual dimorphism from both morphological and physiological approaches. Such analyses will clarify the physiological implications of these breathing kinematic differences, and they will shed light on important questions of form-function relations in the human respiratory system.
Conclusions
Our findings reveal 3D lung sexual dimorphism, as well as breathing kinematic differences between sexes. Males have greater lungs than females in both FI and FE, and they show greater size and shape changes during breathing. This is likely due to a different contribution of respiratory muscles, which is observed in the more pyramidal lung shapes in males and the more prismatic lung shapes observed in females. Likewise, these lung size and shape sex-related differences give rise to breathing kinematics differences, whose physiological implications need to be investigated in future research.
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